Starch is a major component of human diets. The relative contribution of variation in the genes of starch biosynthesis to the nutritional and functional properties of the rice was evaluated in a rice breeding population. Sequencing 18 genes involved in starch synthesis in a population of 233 rice breeding lines discovered 66 functional SNPs in exonic regions. Five genes, AGPS2b, Isoamylase1, SPHOL, SSIIb and SSIVb showed no polymorphism. Association analysis found 31 of the SNP were associated with differences in pasting and cooking quality properties of the rice lines. Two genes appear to be the major loci controlling traits under human selection in rice, GBSSI (waxy gene) and SSIIa. GBSSI influenced amylose content and retrogradation. Other genes contributing to retrogradation were GPT1, SSI, BEI and SSIIIa. SSIIa explained much of the variation in cooking characteristics. Other genes had relatively small effects.
R
ice is a major human food composed largely of starch. Starch properties determine the key functional properties of rice such as cooking temperature and influence human health through its contribution to the glycemic index and levels of resistant starch. The incomplete digestion-absorption of resistant starch in the small intestine leads to non-digestible starch fractions with physiological functions similar to dietary fibre with significant beneficial impacts 1 . Retrogradation describes the hardening of cooked starch after cooling due to re-crystallization of gelatinized starch components during storage 2 . It is believed there is a significant correlation between the tendency of any one starch sample to retrograde and its levels of resistant starch. Hence, in this study the term retrograded-resistant rice starch is used. Assessment of the in vivo digestion and structural features of maize, bean and potato flake high amylose resistant-retrograded starch in the ileal contents of four human populations found resistant starch consisted mainly of retrograded amylose with degree of polymerization of approximately 35 glucose units and a melting temperature of 150uC 3 . Pea, maize, wheat, and potato retrograded amylose are highly resistant to amylolysis and digestibility 4 . Factors other than amylose content which may have a direct or indirect influence on the rate of starch retrogradation, firmness and resilience of rice starch after cooking are protein and lipid contents 5 . High-amylose rice cultivars usually have more resistant starch (RS) and lower estimated glycemic index (EGS), suggesting highly-retrograded cooked rice cultivars tend to a reduction of hydrolysis index (HI) and glycemic index (GI) 6 . Conversely, starch of low-amylose rices, which have higher HI, are more quickly hydrolysed than intermediate and high-amylose rice (high HI) 6, 7 . Characteristics of high amylose rice cultivars are normally determined by RVA (Rapid Visco Analysis) which are described by parameters such as peak viscosity (PKV), hot paste viscosity (HPV) and cool paste viscosity (CPV).
Seven starch synthesis enzyme classes have been defined, including ADP-glucose pyrophosphorylase (AGPase), granule bound starch synthase (GBSS), starch synthase (SS), branching enzyme (BE), debranching enzyme (DBE), starch phosphorylase (PHO) and glucose 6-phosphate translocator (GPT). These genes/enzymes contribute directly or indirectly to the production of starch granules.
The link between natural variation in particular starch synthesis genes and starch properties is well established in some cases. GBSSI (waxy gene) is primarily responsible for the synthesis of linear chains of glucose molecules found in amylose is the most well characterised cereal grain starch synthesis enzyme. A number of SNP in the rice waxy gene, at the intron/exon 1 junction site, exon 6 and exon 10, impact starch quality [8] [9] [10] by effecting amylose content. The gene encoding starch synthase IIa (SSIIa), alk, is exclusively expressed in the rice endosperm and has been extensively studied in the context of its effect on cooking quality and starch texture 11, 12 . Two SNPs within exon 8, [A/ G] and [GC/TT] are significantly associated with rice alkali disintegration and eating quality and starch gelatinisation temperature (GT) 13 . More recently, Yan et al. (2010) analysed the association of 17 starch synthesis genes with RVA profile parameters in a collection of 118 glutinous rice accessions using 43 gene-specific molecular markers. They found 10 of 17 starch-related genes have an impact on rapid visco analyzer (RVA) profile parameters. The association analysis revealed pullulanase plays a dominant role in control of PKV, HPV, CPV, breakdown viscosity (BDV), peak time (PKT), and pasting temperature (PT) in glutinous rice. Nine other starch genes had a minor impact on only a few RVA profile parameters. However, RVA parameters such as starch paste viscosity and other starch quality traits may be controlled by a complex genetic system involving many starch-related genes 14 . Many induced mutations that have been studied 15 result in loss of function or drastically alter starch biosynthesis resulting in poor yielding rice. These studies are useful in understanding the biochemical function of enzymes in starch biosynthesis. However, because the rice varieties are not viable as crop plants these mutants are not directly relevant to rice improvement or the understanding of human selection during domestication that involves more subtle selection for mutants that do not impact adversely on productivity. In this study we have worked with material within a rice breeding program to explore the diversity that is available in the domesticated genepool. With the exception of GBSSI and SSIIa, most studies of the molecular basis of starch synthesis have focused on comparison of gene-deficient mutants 15 rather than analysis of allelic diversity, perhaps in part due to a lack of high-throughput technologies to discover and analyse new variants in diverse populations. Single nucleotide polymorphisms (SNP) are the most abundant type of genetic variation found within all species and many important plant traits and human diseases are attributed to these sequence variations 16 . Identifying SNP and associating them with grain starch quality advances our understanding of the starch biosynthesis pathway and highlights ways to improve crops that are higher yielding and of better quality, directly impacting food security and human nutrition and health.
Massively parallel sequencing (MPS) technology is a highthroughput platform for genetic analysis based on ultra deep DNA sequencing 17 . Kharabian-Masouleh et al. (2011) discovered more than 501 SNPs and 113 In/dels in 17 starch synthesis genes in an Australian rice breeding population using a combination of a targetpooled long range PCR and MPS. By combining MPS with high throughput genotyping technologies such as multiplexed-MALDI-TOF (Sequenom), rapid polymorphism discovery followed by association analysis is now possible 18 . In this study we investigated the role of 18 starch-related genes and their SNPs by assessing their contribution to variation in starch properties in a rice breeding population. We report a novel SNP in Glucose-6-Phosphate Translocator 1 (GPT1) gene which is associated with amylose content and retrogradation rate of resistant starch and establish an explicit-coherent gene by gene approach to unveil association of 18 starch-related genes and their SNP polymorphisms with rice starch physiochemical properties.
Results
Assays for 66 SNPs were designed and 233 individuals genotyped. The identification of genes ( Figure 1 ) and code and coordinate of all SNPs studied appears in Table 1 . SNP IDs starting with TBG or TBU were extracted from databases and the remainder, mainly starting with GA, were reported by Kharabian- Masouleh et al. (2011) . No functional polymorphisms were found in this population in AGPS2b, SPHOL, SSIIb, SSIVb, ISA1 suggesting these genes have no effect on the phenotypes investigated in this population. A gene by gene approach was applied to find associations between individual genes and physiochemical and quality-related properties of rice grain.
GBSSI (Granule bound starch synthase I). There was a strong correlation between the G/T SNP at the exon1/intron1 boundary and the RVA curve characteristics of PKV and BDV (Table 1 and  Table 2 ). The highest F-value in this experiment was for this SNP and retrogradation rate (Martin test) (F-value5223.29) and amylose content (F-value5121.52). The R 2 value for retrogradation and amylose content were 0.66 and 0.51, respectively. The second SNP in GBSSI associated with grain properties was the C/T SNP at coordinate 3486 (exon 10) which creates a PRS substitution and has a significant association with trough and final viscosity (FV), set back, retrogradation (Martin test) and amylose content. The R 2 value for retrogradation and amylose content were 0.39 and 0.16, respectively.
The exon 6 SNP also revealed some significant association according to p-values# 0.01 but did not show any remarkable F and R 2 values (which suggest it has little control on critical pasting properties). In combination, the results suggest this gene is responsible for determining a significant proportion of the variation in retrogradedresistant rice starch.
GBSSII (Granule bound starch synthase II). GBSSII synthesises amylose and is found exclusively bound to starch granules in green tissues. During pre-heading, about 1-3 days after flowering, this gene/enzyme is expressed in leaf, leaf sheaths, culm, and pericarp tissue at a low level 19 . The synthesised amylose is subsequently consumed by the plant or mobilised to the endosperm 20 . One nonsynonymous SNP (nsSNP) found at position 1638 of this gene was tested for association with starch physiochemical traits ( Table 1) . Only one association with PT with R 2 value of 0.20 was observed for this SNP, although some minor association also calculated with GT and Peak time ( Polymorphism in this gene showed association with a FV, SB, PT, MT, AC, predicted N, GT and chalkiness. However, most revealed very low R 2 values of less than 0.1, indicating that although they are associated, they do not have a highly significant effect on physiochemical properties ( influence PT, although a minor association was found with peak viscosity (PKV). These SNPs at positions 207 and 756 alter the corresponding amino acids LysRAsn and SerRIle, respectively. This gene is a major gene contributing to PT as some other SNPs also exhibited significant associations with PT (Table 2) .
SSIVa. Five SNPs were examined in this gene (Table 3) , of which four showed significant association with PT (Table 2 ). There was a relatively high R 2 of 0.259 for the functional´A/G´SNP at position 7160, which influences PT. In addition, four other SNPs, with R 2 values ranging from 0.198-0.222, also have an influence on PT. A large portion of phenotypic variation of PT in this rice population seems to be explained by SNP in SSIVa. Some minor associations were observed with GT, PKT, AC and predicted nitrogen (PN). SSIIIb and SSIVa in combination contribute to PT in this rice population.
SSIVb. No polymorphism was detected in this gene. Therefore, it could be concluded that there is no association between this gene and the studied traits in this population.
BEI. Only one C/T SNP at position 1558 of this gene was discovered 21 . Nine out of 13 studied physiochemical traits were associated with this SNP at a medium level with the highest R 2 values observed for AC, MT, SB and FV. The relatively high R 2 values of 0.260 and 0.238 for AC and MT respectively suggests this gene has a prominent effect on amylose content and retrogradation. Minor associations were also found between this SNP and PV, BDV and FV (Table 2) .
BEIIa. BEIIa is a leaf expressed gene involved in amylopectin synthesis. The´T/G´SNP at position 3266 displayed no significant association, confirming BEIIa as a green tissue-specific gene with no impact on grain starch properties (Table 2 ).
BEIIb. BEIIb is known as amylose extender (ae) in maize and other cereals (Yun and Matheson, 1993). Two SNPs in this gene were examined (Table 2 ) but no significant association was found with grain starch properties in this population (Table 1 ).
ISA1 (Isoamylase 1).
No polymorphism was detected in ISA1 in this population.
ISA2 (Isoamylase 2)
. Two SNPs were assessed in this gene and all R 2 values were less than 0.1, indicating a very low association with breakdown viscosity and chalkiness traits ( Table 2) .
Pullulanase. A recent association study between pullulanase and RVA profile parameters in glutinous rice has shown strong relations of this gene with PKV, HPV, BDV, PKT 14 . In this study only weak associations with the two assayed SNPs in pullulanase, PT, GT and CHK with R 2 values of 0.174, 0.167 and 0.066, respectively were found (Table 2) .
GPT1 (Glucose-6-Phosphate Translocator). For the first time we report that the GPT1 gene, early in the biochemical pathway of starch synthesis, encoding the glucose-6-phosphate translocator enzyme, has a major association with resistant starch production in rice. A´T/C´SNP at position 1188 of the GPT1 gene, alters Leu24 to Phe, and is highly associated with resistant-retrograded starch and amylose content (Table 2) . The´T´and´C´alleles produce high and low levels of retrograded starch, respectively. An association study of 233 genotypes demonstrated a highly significant correlation (R 2 ) of 0.577 and 0.365 (P50.00099) between this SNP and retrogradation degree and apparent amylose content, respectively ( Table 2) . Discussion GBSSI and SSIIa are major genes involved in many grain quality properties such as amylose content and gelatinization temperature ( Figure 1 and Figure 2 ). Highly significant associations were found between GBSSI and retrogradation and amylose content although this gene showed more significant relations with properties such as BDV, SB and FV. A number of authors have already reported the importance of this enzyme in determining the starch physiochemical properties in rice and other cereals. SNPs at the intron/exon 1 junction site, exon 6 and 10 in rice GBSSI (waxy gene) have the most significant impact on amylose content and by extension, starch quality [8] [9] [10] . This study confirms the´T/G´SNP at the intron1/exon1 junction site has a major influence on a number of physiochemical properties. SSIIa had a high association with pasting temperature, gelatinization temperature and peak time. The effect of this gene on cooking quality and starch texture has been extensively studied by many authors 11, 12 . Umemoto and Aoki, (2005) found alkali disintegration and eating quality of rice starch were explained by two SNP, [A/G] and [GC/TT], within the exon 8 of alk locus. These SNPs also have significantly associated with starch GT 13 . Two SNPs at positions 631 and 4827-4828 (ALKSSIIA4) respectively were tested for association (Table 1 and 2) . The effect of the [GC/TT] SNP on alkali disintegration and rice starch eating quality has already been explained by many authors 22, 23 . Highly significant associations were found between SSIIa SNPs and important physiochemical properties such as PT, PKT, GT and BDV. Melting of starch crystalline regions is measured by pasting and gelatinisation temperature and peak time signifies the end of the melting process. The highest F-test value of 199.65 was observed for ALKSSIIA4 [GC/TT] SNP and PT. This SNP clearly controls PT, PKT and BDV with R 2 values of 0.642, 0.323 and 0.168, respectively. This SNP has one of the strongest associations among the physiochemical properties of rice studied in this population (R 2 50.642). The G/T SNP at position 631 showed no significant association with any traits.
SSIVa is one of the least well characterized starch genes in rice. This study showed a significant influence of this gene on PT and GT. In total, five SNPs were examined in this gene (Table 1) , of which four SNPs showed significant association with PT (Table 2) .
Six genes, GBSSII, SSI, SSIIIa, SSIIIb, SSIVa and BE, had low to medium effects on variation in starch traits. SNPs in these genes had association with a number of characters with low to medium R 2 values. The effect of these genes on starch traits have been studied at the gene level 20, 15, 24, 11 . Here for the first time, SSIIIb and SSIVa have been identified as PT-associated (pasting temperature-associated) at a relatively medium to high level.
SSI transcript level has been measured at different seed developmental stages. A high expression level was reported at 1-3 days after flowering (DAF), peaking at 5 DAF, and then remaining almost constant during starch synthesis in the endosperm. This suggests that SSI is a major SS form in cereals 25 . Only one nsSNP in SSI,´T/C´at position 5153, in this gene showed minor associations with FV, SB and MT, with R 2 values of 0.16, 0.11, 0.16, respectively (Table 2 ). Pullulanase had low associations with PT, GT and CHK in the population studied here. In contrast, a recent association study in glutinous rice has shown strong relationships between pullulanase and RVA profile parameters, PKV, HPT, BDV and PKT 11 . The differing observations are most likely due to the structure of each population. Minor genes are very population-specific and the analysis of Yan et al. (2010) was undertaken within a glutinous population composed of rice varieties which have very low amylose content and this would have revealed the role of pullulanse in this genetic background.
Seven genes of 18 did not contribute to starch physiochemical properties in this population. No polymorphisms were detected in five genes, AGPS2b, SPHOL, SSIIb, SSIVb and ISA1 while BEIIa and BEIIb displayed polymorphism but these were not associated with any physiochemical properties measured in this study. In contrast, other studies have suggested some of these genes are important in determining rice starch physiochemical properties and quality. For example, Kawagoe et al. 2005 found the AGPS2b subunit plays an important role in starch granule synthesis and is associated with rice shrunken mutants 26 . SPHOL is reported to be involved in starch degradation and biosynthesis by phosphorylation of some starch-related enzymes and proteins such as starch branching enzymes (SBEs) and starch synthase (SSIIa) 27 . Almost all of these studies have been based on mutants totally deficient in enzyme activity 28 which abolish the gene function and therefore have a significant effect on the content of soluble sugars, structure and appearance of starch granules and endosperm quality in rice and other species.
SSIIb and BEIIa are mostly expressed in green tissues and theoretically do not have major impact on grain quality traits 29 . In this study we confirm that SNPs in green-tissue related genes have no or very small effects on grain starch properties. No significant association was found between the two BEIIb SNPs and quality traits in this population. The differing results can be attributed to the different structure of each population, in each population each gene has a particular impact which is determined by the presence of the range of alleles present at other starch biosynthesis loci.
This study found BEIIb (amylose extender) and ISA1 had no association with any of the physiochemical properties of rice starch measured despite previous reports that these genes in several cereal species impact starch properties 30, 31 . We examined two SNP in this gene (Table 1 ) but no significant association was found with starch properties. Previous biochemical analysis of rice (Oryza sativa) amylose-extender (ae) mutants revealed the influence of this gene on gelatinization properties through the structural alteration of amylopectin by reducing short chains and degree of polymerization 32 . However, these studies focused on mutant populations where a large segment of the gene has been deleted. Therefore, the results of those experiments are not comparable with our variation study at SNP level. Antisense inhibition of rice ISA1 has altered the structure of endosperm amylopectin and the starch physiochemical properties 33 . The ISA genes also contribute to the degree of setback on glutinous rice cultivars 14 . Philpot et al. (2006) 5 reported removal of lipid increased the rate of retrogradation and the firmness of gels significantly in rice. Analysis of O. sativa cultivar Koshihikari grown in Japan and Australia found individuals grown in Japan had a lower retrogradation rate, despite the fact that flour from both origins contained 18% amylose. Removal of the lipids from these samples resulted in retrogradation rates which were not significantly different. The amount of amylose complexed with lipids affects starch retrogradation 34 and so it was suggested this phenomenon can be attributed to the amount of lipid complexed with long amylose chains, the higher concentration of lipid linked to long amylose chains explained the lower retrogradation in the Japanese grown rice. GPT1 is required for transportation of reduced carbon into plastids which is ultimately utilised for both lipid and amylose synthesis (Figure 2 ). It has been suggested amylose content is correlated with lipid content 35 and it is thought lipids play a structural role as a core scaffold in holding together the helical architecture of amylose. GTP1 is involved in determining plastid fatty acid concentration 36 and this may influence the formation of lipid-amylose complexes. GPT1 is associated with amylose content and retrogradation rate in this set of germplasm. In addition to its impact on amylose content, GPT1 may also affect retrogradation rate by influencing lipid content in rice grain. This study has found the genes which have an impact upon starch traits within the Australian rice breeding program display relatively low levels of diversity. This set of genes is bounded by two sets of genes, one which has no diversity and another which has high levels of diversity. Australian rice breeders are managing a small number of genes and alleles which have an impact on starch quality in order to achieve desirable starch quality within the breeding program. Construction of new quality classes may require access to a wider range of alleles, genes and germplasm. Physiochemical properties. Physiochemical traits measured were apparent amylose content (AC), gelatinization temperature (GT) quantified according to standard differential scanning calorimetry methods (DSC) 37 . Percent grain chalk was estimated by a FOSS Cervitec according to the manufacturer's instruction. Retrogradation rate (Martin test 5 ) was estimated by measuring the force in Newtons (N) required to push a probe into a gel derived from flour samples post viscosity measurements and stored overnight at 20uC (Lloyd texture analyser TAPlus, Hemisphere United Kingdom). Peak viscosity (PKV), trough viscosity (TV), final Viscosity (FV), breakdown viscosity (BDV), setback (SB), peak time (PKT) and pasting temperature (PT) were measured by a Rapid Visco Analyser to evaluate rheological properties of starch structure (Perten RVA 4500, Segeltorp, Sweden) according to the manufacturer's instructions. The range of values observed for these traits is shown in Table 3 and a list of all data in supplementary materials (Supplementary data 1) .
Methods
Designation of starch-synthesis genes. The available literature was used to identify the most likely candidate genes associated with rice starch quality 19, 23, 24, 38 . The general entries of nucleotide sequences (gDNA) and full-length cDNAs of important gene classes which were presumed to be involved in starch biosynthesis were retrieved from the NCBI (http://www.ncbi.nlm.nih.gov/) and the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/cgi-bin/putative_function_search.pl) databases and then re-sequenced using integrated long range PCR in combination with massively parallel sequencing (Illumina) to find novel SNPs/Indels in the studied population 21 . A consensus sequence alignment was generated for each candidate gene to design the amplification primers.
Candidate genes/enzymes for SNP genotyping. Eighteen genes representing seven groups of enzymes, namely ADP-glucose pyrophosphorylase (AGPase), granule bound starch synthases (GBSSI and GBSSII), starch synthases (SSI, SSIIa, SSIIb, SSIIIa, SSIIIb, SSIVa, SSIVb), branching enzymes (BEI, BEIIa, BEIIb), debranching enzyme (ISA1, ISA2, Pullullanase), starch phosphorylase (SPHOL) and glucose-6-phosphate-translocator (GPT1) were selected for SNP genotyping (Figure 1) . SNP dataset. SNP data were primarily retrieved through SNP discovery within the population of 233 rice breeding lines 21 . The functional polymorphisms discovered within the studied population were then compared to SNPs available within the OryzaSNP MSU database (http://oryzasnp.plantbiology.msu.edu/) and extra SNPs harvested to minimise the possibility non-synonymous SNP (nsSNP) were missed. In total, 65 nsSNPs were chosen for genotyping, of which 48 were polymorphic or existing in the population ( Table 1 ). The remaining 17 SNP which were not polymorphic in this population were mainly retrieved from data bases.
Primer design and SNP genotyping. Multiplexed assays were designed by Sequenom MassARRAY Assay design 3.1 software to cover all available SNPs. The optimal amplicon size containing the polymorphic site was set to 80-120 bp. A 10-mer tag (5-ACGTTGGATG-3) was added to the 59end of each amplification primer to avoid confusion in the mass spectrum and to improve PCR performance 18 (Supplementary data 2).
Capture PCR protocol, primer extension and mass spectrometry. The steps of PCR capture, primer extension, resin cleanup and mass spectrometry were undertaken according to the manufacturer's instructions (Sequenom MassARRAY).
Association analysis. Assays were constructed for 110 polymorphisms defining each of the alleles of 18 genes controlling starch quality traits and retrogradation. SNP data of genotyped polymorphic alleles (Supplementary data 3) along with phenotypic data were analysed by TASSEL v2.1 39 software to find SNP associated with physiochemical properties. A gene by gene approach was employed to understand association of individual gene/SNP with each trait.
Statistical analysis. Genotypic and phenotypic files were prepared according to Bradbury et al. (2007) and then imported to TASSEL v2.1. The general linear model (GLM) was used for alignment of data with 1000 permutations. Critical statistics such as F-test, p-value, adjusted p-value and R 2 were calculated to measure associations. P-values # 0.01 were considered to have a significant effect on each trait. After identifying significantly contributing SNP, F-test values were used for comparison, larger F values were interpreted as exhibiting a higher association between SNP and its corresponding trait. Finally, R 2 is the portion of total variation explained by the full model 39 .
